INTRODUCTION
Improving computational modelling towards a more realistic description of granular behaviour is a long standing challenge (e.g. O'Sullivan, 2011; Matsushima & Chang, 2011; Andrade, et al., 2012; Kawamoto, et al., 2018) . Nadimi & Fonseca (2018a , 2018b proposed a micro Finite Element (µFE) model that virtualises the fabric of a natural sand obtained from micro Computed Tomography (μCT) to simulate the mechanical response under loading. In this model, the grainto-grain interactions are modelled in a framework of combined discrete-finite element method (Munjiza, 2004) . The underlying idea for the development of this μFE model was the need to better represent soil fabric into numerical modelling. The effect of fabric on the mechanical response of soil is well-known and has been repeatedly demonstrated in both experiments and numerical analysis (e.g., Cuccovillo & Coop, 1999; Oda & Iwashita, 1999; Kuwano & Jardine, 2002; Ng, 2004; Fonseca, et al., 2016) .
A complete three-dimensional (3D) description of the grains morphologies and their geometrical arrangement can be effectively obtained from µCT scanning (e.g., Hall, et al., 2010; Fonseca, et al., 2013; Vlahinić, et al., 2013) . Further, by making use of advanced image processing and meshing techniques, the individual grains can be identified in the 3D images and meshed to create numerical (deformable) grains that replicate the real ones. This aspect is significant for modelling grain-to-grain contact interaction in an assembly. In fact, contact response has a strong dependency on the grain shape as demonstrated in Nadimi & Fonseca (2017) for a series of tests on both silica and carbonate grains. Michalowski, et al. (2017) also showed through single grain experiments that contact response for natural grains does not follow a Hertzian response due to the effect of shape. In the μFE framework used here, the contact response originates from the deformation of the grain, which constitutes an important advance when compared with the rigid body assumption and the associated pre-defined contact laws used in most discrete element approaches. Another advantage of using deformable grain is the ability to compute the stress and strain fields within the grain which is critical to the understanding of yield initiation and crack propagation. Although this enhancement to simulate breakage is yet to be included in the model, this does not constitute an issue for the simulation of an assembly of grains under relatively low load as the case reported here.
Here, the μFE model is evaluated against the results of a triaxial compression experiment. One of the challenges in numerical modelling of triaxial tests is the correct representation of the boundary conditions, i.e. the sample membrane for the case of a triaxial test (Cui et al., 2007; Cheung & O'Sullivan, 2008) . In triaxial compression simulations, the numerical membrane should enable the specified confining pressure to be applied to the sample, while non-restricting grain rearrangement. De Bono, et al. (2012) proposed a cylindrical wall formed by bonded spheres to represent the membrane. Using bonded spheres, however, has the drawback of restraining rolling and translation of the grains near the membrane, as well as enabling grain penetrate though the membrane (depending on the relation between the size of the grains and the size of the bounded spheres). Despite the limitations of using flexible membranes to simulate triaxial tests in DEM they are still widely used as demonstrated by a number of the recent studies (e.g., Lu et al., 2018; Khoubani & Evans, 2018; Zhang et al, 2018; Binesh et al., 2018 ). An alternative approach using shell elements (Ahmad et al., 1970; Reese et al. 2001; Sze, 2002) to represent the membrane is discussed in this study.
The term 'force chains' is widely used in granular mechanics to describe filamentary patterns of grains transmitting above average contact forces (e.g. Majmudar & Behringer, 2005; Radjai, et al., 2017) . Only a handful of studies have used the 'stress chain' concept (Gerritsen, et al., 2008; Maeda et al., 2010; Blumenfeld & Ma, 2017) . When dealing with irregular shaped grains that are prone to form contact through an area (in some cases, large) rather than a point as for perfect spheres, the discussion on whether to use force or stress to identify the heavily loaded grains becomes pertinent. The aims of this paper are twofold. To carry out a numerical simulation able to replicate the bulk experimental response of a sand under triaxial compression using as input parameters only experimental measured data. Further, to contribute with alternative micro-scale measures more suitable for irregular shaped grains, such as the already mentioned stress-chains but also the concept of active contact based on the transmission of load rather than geometric-based analysis. The present study investigates, for the first time, the formation of columns of load bearing grains using both force and stress quantities. In addition, the evolution of contact forces through deformation is linked to grain kinematics to investigate the role of force network in the stability of the granular assembly.
THE µFE MODEL
The µFE model used here combines four techniques: (i) image acquisition and processing; (ii) image-based mesh generation; (iii) finite element solver, and (iv) discrete element solver. The 3D images are acquired using X-ray µCT and the individual grains are segmented using a watershed approach as described in Kong & Fonseca (2018) . The numerical approximation of the problem starts from discretising an object into a collection of elements and nodes. A Delaunay refined algorithm is employed to extract the grain iso-surface (Shewchuk, 2014) . The grain is then filled with tetrahedral elements for the sub-volumes bounded by the iso-surfaces to obtain the 3D mesh. The generated mesh is imported into the combined finite-discrete numerical domain. More details can be found in Nadimi & Fonseca (2018 a, b) .
In the numerical domain, the nodal force includes the contribution from contact forces, internal strain and external loads. A grain can locally deform depending on the current nodal forces enabling a stress/strain field to be computed within each individual grain. The body motion for the grain is calculated using an explicit central difference integration rule. Currently, the model runs in Abaqus finite-element package (Dassault Systèmes, 2014) and is implemented with an explicit algorithm that uses a dynamic framework.
A CASE STUDY
A case study is presented here to investigate the ability of the μFE approach to reproduce the experimental behaviour of a sample of sand under triaxial compression. The material tested is a Martian regolith-like sand also termed Eglin sand (Nardelli et al, 2017) . From the microscale characterisation carried out by Nardelli and co-authors, the median grain size is 1.2 mm and the constituent grains display various colours from black, to pink-yellow, to grey-transparent according to their chemical/ mineralogical composition. The average sphericity values vary between 0.5-0.8 and the roundness are within the rage of 0.4-0.5, according to visual observations using Krumbein and Sloss chart (Krumbein and Sloss, 1963) .
Experiments
The sand specimen with 11 mm diameter and 22 mm height was first compressed isotropically to 100 kPa and subsequently subjected to displacement controlled axial loading with a strain rate of 0.1%/min under constant confining pressure. The test was performed inside a µCT scanner to image the internal structure of the specimen (e.g. Andò, et al., 2012) . The sample was prepared by air pluviation and an initial void ratio of 0.56 was measured. The 3D images were acquired at a voxel size of 15.5 μm, which means that a grain with a median diameter of 1.2 mm is represented by approximately 70 voxels across its diameter. Following image segmentation, 3,158 individual grains were identified in the specimen.
Numerical modelling
The 3D image of the specimen prior to loading was meshed and each voxel in the images was converted into Cartesian coordinates. The specimen is represented in the numerical domain by a total of 10,105,720 elements comprising 3,503,151 nodes. The elastic material model was assigned to the grain with Young's modulus E=70 GPa and Poisson ratio ν=0.3. The coefficient of friction used was of 0.28, obtained from single grain experiments on this material, more details of the tests can be found in Nardelli et al. (2017) . Nardelli and co-authors carried out a detailed characterization of the grains according to their mineralogical classes. In addition they reported an overall mean inter-particle friction angle for all the particles of 17.7±6.9. And this was the values used here to derive the coefficient of friction since the simulation uses global values rather that grain specific parameters (something to be developed in future work). The density of the grains is also an input of the model and a value of ρ=2,500 kg/m³ was used here.
To better replicate the experimental conditions and avoid the limitations of previously used methods to represent the numerical membrane, deformable triangular thin-shell elements were used here. The properties of these elements were E=125 MPa and ν=0.49. Their sizes were set to be lower than those defining the grains and this is an important aspect for a more accurate modelling at the grain-membrane interface. A standard value of 0.2 mm was used for the thickness of the membrane. For the top and bottom platens, rigid elements were used. The numerical sample was first subjected to a confining pressure of 100 kPa and subsequently axially compressed to 10% strain under the same conditions as the experimental sample.
Comparison of the results
A view of the full numerical sample at the start and at the end of the test (10% axial strain) is shown in Figs. 1a and 1b , respectively. At the end of the test the specimen shows a slight barrelled shape and this is in agreement with the experiments, as depicted in Fig. 1c and 1d (at the stages of 0% and 10% axial strain, respectively). Two local views of the numerical sample are presented in Fig. 2 to illustrate the ability of the numerical membrane to deform around the grains under the confining pressure, mimicking the laboratory membrane.
The stress-strain response obtained from the µFE model is compared with the experimental response in Fig. 3a and the volumetric response is depicted in Fig. 3b . Overall, a good agreement can be seen. Both the experimental and numerical responses show a strain hardening phase with the numerical sample being slightly stiffer. This phase is then followed by a plateau in both experimental and numerical specimens. Regarding the volumetric response, a good agreement is also observed. In both cases there is an initial phase during which no significant change in volume occurs, followed by a clear increase in volumetric strain (dilation).
Evolution of the active contacts
The grain-to-grain contacts were identified based on the principle of 'active contacts'. This consists of defining the contact regions by using the surface nodes that have contact force higher than zero, i.e., at least one of the three components of the force (Fx, Fy, Fz) greater than zero.
Relying on force measurements to identify contacts has the advantage of avoiding uncertainties, e.g. systematic contact overdetection, related to image segmentation and voxel size issues commonly found in purely geometric contact identification (e.g. Fonseca et al., 2013; Wiebicke, et al., 2017) .
Another advantage of this technique is that the vector defining the normal to the contact region at each node is easily obtained, which is interesting for fabric analysis (e.g. Wang et al, 2004; O'Sullivan, 2011; Fonseca et al., 2013; Yang & Wu, 2016) .
Four strain levels (axial strain values of 2.5%, 5.5%, 7.5%, and 9.5%) were chosen here to investigate the evolution of the predominant orientation of the contact normal vectors and their associated contact region. The active contact area at each loading stage is directly proportional to the number of active contact vectors (one vector per element).
The distribution of the contact normal vectors is presented in Fig. 4 by means of polar plots, in this projection; the centre of the circle corresponds to an orientation parallel with the axis of the sample (i.e., the z direction). For axial strain of 2.5% (Fig. 4a) it can be seen that nearly all vectors (approximately 99%) are clustered around the middle of the plot, represented here by light shades, which corresponds to polar angle θ values between 0-10° (angle between the vector and vertical direction). The vectors distribution becomes more scattered as the polar angle θ increases and only a residual number of vectors (approximately 0.2%) exhibit a nearly horizontal orientation, i.e. a θ value greater than 65° (represented here by darker shades). For the stage of 5.5% strain (Fig. 4b ) it can again be seen the clustering of the vectors in the middle region of the polar plot, the only difference is that the number of vectors is higher (22% increase in comparison with the previous stage), which explains the slight increase in the number of vectors for θ between 10°-20° (represented here by lighter shades) but this number of vectors is still insignificant when compared with the number located in the θ range of 0-10°. For the subsequent stages ( Figs. 4c and 4d ) the trend observed is again similar and the subtle changes in colour are mainly a result of the decrease in the number of vectors when compared with the previous stages (incremental reductions of 28% and 25%, respectively).
The alignment of the contact normal vectors in the direction of the major principal stress as deformation progresses is in agreement with the findings reported by Fonseca et al. (2013 Fonseca et al. ( , 2016 , for which pure geometrical considerations were used to identify the contacts and the associate normal vectors. When comparing the results from the geometrical approach and the active contacts approach, the aspect worth mentioning is the very small number of vector with orientations closer to horizontal found in the latter. Despite the sands being different (Fonseca and co-authors used an intact locked sand), this observation seems to suggest that the contacts for which the normal vector is nearly horizontal are not transmitting stress.
The degree of clustering around the direction of the major principal stress is quantified here using the anisotropy of the distribution of the contact normal, given by the difference between the maximum and minimum eigenvalues of the fabric tensor (Fonseca et al., 2013) . The fabric tensor of the contact normal is a useful tool to describe the preferred orientation of the dataset and its associated intensity. A second-order symmetric tensor as proposed by Satake (1982) is used here:
where N is the total number of vectors in the system and k i n is the unit orientation vector along direction i. The anisotropy value obtained from  1 - 3 will take the value 0 for an isotropic system and 1 for a highly anisotropic case. The measured anisotropy values are presented in Fig.   5a and their evolution is compared with the stress ratio. A good agreement can be found between both parameters, i.e. as the axial strain increases, both stress ratio and anisotropy values increase and, subsequently, for the last two stages of loading both are seen to decrease. The same trend can also be observed for the evolution of the number of vectors presented in Fig. 5b .
These observations suggest that the (local) strain hardening can be captured by the increase in the active contact regions and their clustering along the major principal stress; and further, the (local) subtle reduction of stress ratio within the plateau is accompanied by the decrease in these micro scale quantities. This finding highlights the relevance of the active contacts to link the macro response to the microscale phenomena.
Formation of stress chains
For the case of spherical particles in contact, the initial contact area is invariably a point, and this may explain the fact that the debate around whether to use force or stress to identify the load bearing grains has not received much attention previously. For real sand grains, however, the contact topologies arising from the irregular shaped grains, makes this investigation necessary. In this study, the grains forming the force chains were identified as being those transmitting a force value greater than three times the mean normal contact force, i.e., 3×3.02N=9.06N. This selection resulted in the identification of approximately 200 grains belonging to the strong force network (6% of the total number of grains). The 200 grains with the highest internal stresses, using the von Mises criterion, were also filtered out (Fig. 6) . The results revealed that only half (i.e. 47.8%) of grains were both in the force and in the stress networks. This mismatch between the grains carrying the highest forces and grains carrying the highest stresses suggests that the 'force chain' criterion may not be able to identify the more stressed grains. This observation is critical since grain breakage due to stress concentration may initiate outside the force chain and change the stability and self-organisation of the assembly.
CONCLUSIONS
The simulation of a sample with over 3,000 grains interacting in a finite-discrete element framework under triaxial compression is shown here to reproduce well the macroscopic response obtained from experiments. By assigning only elasticity to the individual grains, the non-linear plastic response of the specimen was reproduced based on grain deformation and granular reorganisation, according to frictional contact conditions based on experimental measurements only. Another innovative aspect of the modelling approach proposed here is the representation of the numerical membrane using deformable thin-shell elements that enable a more realistic representation of the laboratory conditions. The evolution of two microscale parameters, the active contact regions and the anisotropy of the distribution of the contact normal vectors are shown to capture well the macroscopic strain hardening and the stress ratio plateau of the material. It is also shown here that the grains experiencing the highest stresses are not necessarily part of the force chains network (i.e. those grains transmitting an above average force). The use of the 'stress chain' concept is discussed and proposed as a more suitable approach to consider grain breakage that may initiate outside the strong force network and compromise the stability of the assembly. 
